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INTRODUCTION
In the modern world, the development of science in many areas has been achieved through the growth of single crystals. Large sized single crystals are essential for device fabrication and efforts are taken to grow large single crystals in short duration with less cost.
Over the past two decades much attention has been paid to the search of novel high quality NLO materials that can generate high second order optical nonlinearities which IS important for potential applications including telecommunication, optical computing, and optical data storage and processing.
[I] - [6] . Organic NLO materials are formed by weak Van del' Waals and hydrogen bonds with conjugated 1t electrons and are more advantageous than their inorganic counterparts due to high conversion efficiency for second harmonic generation and transparency in the visible region, high resistance to optical damage and so on. They also offer the flexibility of molecular design and the promise of virtually an unlimited number of crystalline structures. Traditionally, crystals of organic materials have been grown from the melt or from vapor or solution.
The a amino acid L alanine can be considered as the fundamental building blocks of more complex amino acids which show strong non linear behaviour and anomalous phonon coupling and is a system exhibiting vibrational solitons [ 7] .
In the present work, an attempt is made to synthesize and grow an organic 
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Measurement of Density
The measurement of density is one of the important methods to study the purity of crystals. The most sensitive method to find the density of the crystal.
namely. the swim or sink method [ ID Jis used in the present study. In this analysis.
theoretical density value is found using the formula. density > (MZ)/{NV) ; where M is the molecular weight. Z is the number of molecules per unit cell. N is the Avogadro number. and V is the volume of the unit cell. The density values arc experimental: 1.35 g/ ern' : and theoretical: 1.37 g! ern' .
C IIN Analysis
The chemical compo sition of the grown crysta l determined using CHN analysis reveals that it contai ns 33. )8% carbon (33.51%). 4.96% hydrogen (5.02%). It is well known that efficient NLO crystal has an optical transparency at lower cut-off wavelength between 200 ancl 400nm [12] . It is seen that LAO crystal has a wide transparency window without any absorption in the fundamental and Growth and characterisation ofnonllnear optical single crystals ofl-alaninlum oxalate second harmonic wavelengths, ranging from 318 nm to 1524 nm suggesting its suitability for SHG of the 1064 nm radiation and other NLO applications. The low absorption in the visible and near infra red region and considerable absorption in the deep UV and far IR region enables its application as a suitable material for the construction of poultry roofs and walls and for coating eyeglasses as antireflection and thermal control coatings [13] .
The relationship between absorption coefficient a and photon energy hu [14] [15] [16] [17] [18] can be expressed as
where A is a constant nearly independent of photon energy and Eg is the optical energy gap. Here n represents an index that can take any of the values 1/2, 3/2,2 or 3 depending on the type of transition responsible for the absorption. For allowed direct transitions n = 1/2 while for allowed indirect transitions n = 2. The range within which this equation is valid is very small and hence it becomes too difficult to determine exactly the value of the exponent n [19] . The simplest way to deduce the type of transition is to examine the value of n which relates hu to uhu with a straight line relationship. From figure 5.6 the value of optical band gap is calculated as equal to 4.09 cV. For semiconductors and insulators (where k 2 « n 2 ) there exists a relationship between Rand n (refractive index) given by [22, 23] R = (n -1)2/ (n + 1)2 (5.4) The relationship between E and k is given by [24] ~= Er + ic, = (n + ik)2 
Thermal Analysis
The good thermal stability of LAG crystals up to 196°C establishes that it has prospects in laser applications where crystals should withstand high temperature. In the TGA/DTA curve ( Fig. 5 .10) there is a large endothennic peak atl96°C and a very small endothennic peak at around 98°C. The major peak is the melting point of the crystal as the major weight loss occurs after that point and the minor peak is assumed to be a weak solid to solid phase transition as there is no weight loss at this temperature and there is no water of crystallization in the crystal. Growth and characterisation ofnonlinear optical sillgle crystals ofl-alaninlum oxalate
The differential scanning calorimetry (DSC) spectrum ( Fig. 5 .11) shows a minor endothennic peak at 98°C and a major peak at 197°C, supporting the observation found in TGA/DTA measurement. In organic crystals phase transitions between polymorphs are very common and the mechanisms remain unknown despite of extensive investigations. No such detailed phase transition studies are reported in the literature for LAO, even though results are available for other organic crystals [25, 26] . Hashizume et at [27] have observed the phase transition of L-ethyl-3-urea by means of detailed temperature resolved single crystal diffraction method. Crystal structures before and after the phase transition are isostructural where onedimensional hydrogen bonding structure is formed and stacked to form a molecular layer. Their work shows a solid to solid phase transition at 90°C. Since these crystals are grown by slow evaporation method, they have taken care in omitting the occluded water, if any, during the growth by annealing the samples fairly at higher
temperatures.
In the present study LAO shows a phase transition (solid to solid) at 371 K (98°C), when the temperature is slowly increased from room temperature, which is of the same order as for L-ethyl-3-urea. The comparison with L-ethyl-3-urea is made here because both of them have layered structures. The layer structure of the present LAO, viewed from the b axis is shown in Figure 5 The specific heat at constant pressure er of the crystal is estimated from the DSC curve using the ratio method (28, 29] . In this method, base line corresponding to the temperature range of interest is first obtained. After this, two independent For saturated amines, it is established that the asymmetric NH 2 stretch will give rise to a band between 3380cm-1 and 3350 cm-I while the symmetric stretch will appear between 3310 cm-I and 3280 cm-I [30] . But the protonation ofNH 2 Growth and characterisation ofnonllnear optical single crystals ofl-olanlnium oxalate observed at 1464 cm-land 1236cm-1 in the ]R spectrum and the corresponding Raman bands are observed at 1457 cm-1 and 1202 cml.The absorption arising from C-N and C-C stretching vibrations are generally observed at 1150-800cm-1 [34] . The C-C stretching is observed as an intense band at 821 cmlin the Raman spectrum and as a weak IR band at 821 cm-I as is observed for other amino acids. [33, 34] . The c-o-o bending is observed as intense bands in the ]R spectrum in the expected region [34] at Hardness of a material is the measure of the resistance it offers to local deformation. General definition of indentation hardness which is related to the various forms of indenter is the ratio of applied load to the surface area of indentation [35] . In general, it comes from the intrinsic resistance of crystals and the resistance caused by imperfections in the crystals [36] . Good quality crystals with excellent optical performance and mechanical behviour are needed for device applications. In single crystals, second harmonic generation is always lower from the defective sectors compared to that from the more perfect sectors [37, 38] . Microhardness measurement on the (100) surface of the crystal is done for applied loads (P) from 5
g to 100g with a dwell time of 5 seconds using Leitz Miniload Hardness tester. The length of the two diagonals is measured by a calibrated micrometer attached to the eyepiece of the microscope after unloading and the average (d) is found out. For a particular load at least five well-defined impressions have considered and the Vickcrs micro hardness profile of the crystal (Fig.5.15 ) calculated using the formula Hv = 1.8544 P/d 2 Kg/mnr'
It is clear from the figure that microhardness increases with applied load.
Increase in microhardness with increase of load in the low load region can be attributed to the heaping up of material at the edges of impression made by the indentor [35] due to the slipping of layers at the indentation centre since at this region it is plastic. Increase in load enables the defects to move and pin upon the boundaries. At higher loads, slipping of layers stops which in turn harden the crystal. This is shown in the region between 50 g and 1GOg. If we increase the load beyond 100 g crystal is found to be ruptured. The maximum hardness is found to be 38.9Kgimm 2 • We will first try to explain the observed ISE by traditional Meyers law, which gives an expression regarding load and size of indentation [39] as (5.10) where k. is the material constant and n is the Meyer index and the other symbols have their usual meanings. The plot of log P against log d before cracking after least Chapter 5 Growth and characterisation ofnonllnear optical single crystals ofl-alaninium oxalate square fitting gives straight-line graph, which is in good agreement with Meyer's law ( Fig.5.16 ). The value of n is found from the slope of the graph and it turns out to be 4.2 for (100) which is as expected for soft organic materials. Combining Equations (5.9) and (5.10), we have Or,
The plot of d ll versus d 2 is a straight line ( Fig. 5.17 The' values of C u for cuneus loads an: gi ven in rabic 5..1 . The stiffness co nstant C l l is quit e high. revealing that the bindi ng forces an: quite strong. Figure   5 .1M shows the indentat ion pattern formed on the cry stal sur face for a load of 50 gm.
Slip lines arc clearly visible in the micro photograph. properties [45] .
There are several models of crystal growth and each crystal grows by one of these mechanisms. A complimentary approach of understanding the growth mechanism is to study the features on free and etched surfaces of the crystals.
Patterns observed on surfaces like spirals, hillocks, slip pattern .....etc yield valuable information on the growth process and perfection in the crystal [46] [47] [48] .
Good optical quality crystals ofLAO grown by solvent evaporation technique are used for the present study. The surface features on the as grown crystal surfaces The chemical etching studies are carried out on the as grown single crystals of LAO to study the symmetry of the crystal face from the shape of etch pits, and the distribution of structural defects in the grown crystals. An observed layer structure of the crystal is shown in Fig. 5.19 (a) . Fig.5.19 (b) shows the striation pattern observed on the surface, due to the thermal strain that may occur during growth.
Secondary nucleation and overgrowth patterns on the growth surface are shown in According to Buckley [49] , overgrowth patterns are fanned due to interruption in the continuity of deposition of material which in turn is due to change in growth conditions. When etched with water bunch pattern are fonued as shown in Fig.5.19 (d) . This is due to the fast dissolution of the surface the shape of which depends on the disorientation of the exposed crystallographic plane.
Development of bunches is determined by the directions of the operating etching vectors on crystal surface which are determined from an energy consideration involving the breaking of the lowest number of bonds. When the etch rate is high bunching will develop not only on the surface but also at the dissolution steps generated by dislocations [50] . PL spectrum of LAD crys tal recorded is shown in figure 5 .20. Spectrum shows a broad peak ce ntered at 440 nm with intensity compara ble to that of conducting polymers and polymer co mposites. The main contribut ion to the HOMO state comes from the mono ionised oxalate ions, while to the LUM D state co mes from the NH.l · ions. In LAD molecul ar cha ins, these two molecular orbita ls are at opposi te ex treme. So. in the interband transitions, the electro n has to cros s the who le chain. loosing energy to the vibrat ional modes of the crystal. con tributing to the luminescence [51] . Peaks in the visible region can be assi gned to lattice related processes. while the peaks in the UV region can be due to the relaxation of excited molecular states. The maximum intensity peak at 440nm is assigned to a lattice related process. Microwave study on the dielectric properties of NLO materials reveals some interesting observations. A detailed study on the complex permittivity, loss tangent and conductivity of the LAO crystal at different frequencies in the S band using the cavity perturbation technique [53] is presented in this section.
S-band wave-guide closed at both ends is used as the cavity resonator. The resonator is excited in the TE 10p mode. The resonant frequency "f()" and the corresponding quality factor "Qo" of each resonant peak of the cavity resonator, without sample placed at the maximum of the electric field, are noted. The sample is introduced into the cavity resonator through the non-radiating slot. The resonant frequencies of the sample loaded cavity arc selected and the position of the sample is adjusted for maximum perturbation (that is, maximum shift of resonant frequency with minimum amplitude for the peak). The new resonant frequency f, and quality factor Qs arc determined. The procedure is repeated for other resonant frequencies.
The frequency dependence of effective conductivity, dielectric constant and dielectric loss and absorption coefficient are plotted in figure.S.21.
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For LAO crystal the variation of dielectric constant is almost constant with frequency. Dielectric loss is very small which signifies the good crystalline perfection of the grown crystal. Very small dielectric loss is quite useful for device applications. As seen from the optical absorption studies, the crystal is quite transparent in the whole visible region and as expected the conductivity of the material is very small, of the order of 0.0035 S/m. Microwave absorption coefficient is also very small. So the material can be identified as a microwave transparent material in the frequency range 2-3GHz. The second harmonic generation behavior is tested by the Kurtz powder technique [54] using Q switched Nd: YAG laser as source. The sample is prepared by sandwiching the graded crystalline powder between two glass slides. The powder sample of L-alanininium oxalate is illuminated by the laser source (A = 1064 nm, 7ns, 10Hz). A bright green emission is observed from the sample. The second harmonic signal (532 nm) generated in the sample is collected by the lens is detected by the monochromator and is filtered by IR filters to remove the fundamental and is measured. Powdered KDP sample of same particle size is used as the reference material, and the output power intensity of L-alaninium oxalate is compared with the output power ofKDP, and also with its parent material L alanine.
The measured SHG values are listed in table 5.4. SHG efficiency will vary with the size of the powdered crystalline aggregates [55] . It is found that the defects and dislocations present in the crystal influences the NLO property especially second harmonic generation [56] . The very low value of dielectric loss found by microwave cavity perturbation technique implies the better crystallinity of the crystal grown, in the present study.
In fact, the dislocation density measured by chemical etching studies is of the order of 103/cm 2. Materials with good crystalline perfection will give better SHG output [57] .
Laser damage threshold studies
Like other optical materials used 111 laser technology, NLO crystals are susceptible to optically induced catastrophic damage. Optical damage in non-metals (dielectrics) may severely affect the performance of high-power laser systems as well as the efficiency of optical systems based on nonlinear processes and has therefore Chapter 5 Growth and characterisation ofnonlinear optical single crystals ofl-alanlnlum oxalate been subject to extensive research for years [58] . From this viewpoint we have carried out laser damage threshold measurements on the LAO crystal.
For pulse widths that stretch into several nanoseconds, thermal effects are unavoidable while for picosecond pulse widths thermal effects are negligible. This is because thermal effects take several nanoseconds to build up and could take several milliseconds to decay. Consequently the laser damage resistance of LAO in the nanosecond regime is expected to be different as compared to that observed in the picosecond regime. We have carried out a study of laser damage in LAO in the nanosecond regime and suggest a possible reason for the observed damage.
A Q-switched Nd: YAG laser in the TEM oo mode is used as the source of light for the damage study. This laser can be operated in two modes. In the singleshot mode the laser emits a single 7 ns pulse. In the multi-shot mode the laser produces a continuous train of 7 ns pulses at a repetition rate of 10 Hz. Since LAO has a room temperature specific heat of 1.766 J g-1 K-I • it absorbs more heat energy when laser radiation is focused on it and one can expect a high threshold value for laser damage and that is what has been observed in our investigation. Another point to be noted here is that the spot size used in the prese nt expe riment is small as 44Jlrn for I OM nm radiat ion and hence the defect conc entration in the focal volume is expected to be comparativel y less. leading to a high threshold value. Photonic sensors ( including eye) have threshold intensity to electromagnetic radial ion above which they can be damaged [65] . By using suitable materials as optica ll imiters. dynamical range of the sensor can be extended to function optima lly at higher input intensifies. For most protec tive app lications rapid sensor respon se is desired with large saturatio n threshold. providing a greater safety margin 166].
Various nonlinear optical effect!' . can be employed for designing an opticallimiter. where a and p are the linear and effective third order NLO absorption coefficients, respectively, 1 1S the time, [(z) is the irradiance and L is the optical path length.
Since we are getting an excellent fit of the experimental data with the equations (5.19) and (5.20) corresponding to two photon absorption, it can be concluded that the two photon absorption is the mechanism responsible for the observed NLO effect. The difference between the normalized transmittance at the peak and valley is related to b,<I>o by the relation
The value of n, is calculated to be equal to -3.984xI0 -13 m 2 /W . The value of the real part of nonlinear susceptibility Re X 3 (esu) is -2.586xlO-11and imaginary part lm X 3 (esu) is 0.6376xlO-I I • Introducing the coupling factor p, the ratio of imaginary part to real part of third-order nonlinear susceptibility, (5.26) The value of p in this case is found to be equal to 0.24. The observed value of coupling factor is seen to be less than 113, which indicates that the nonlinearity is electronic in origin [75J. 
CONCLUSIONS
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The bulk size single crystals of L-alanininium oxalate are successfully grown by the slow evaporation solution growth method at room temperature. To the best of our knowledge, growth of big LAO crystals of size 40x 15 x 8 mrrr' with good transparency is not reported elsewhere [8] . Exposure of the crystal surfaces to humid and dry atmospheres indicates that LAO is air stable and non hygroscopic. The grown crystals have been subjected to various characterization studies. Crystal Microtopography and etching studies establish that the growth mechanism is 20 nucleation and subsequent spreading of layers.
The photo luminescence spectrum of the compound is explained. From the microhardness studies, maximum hardness is found to be 38.9Kg/mm 2 . The high value of load independent resistance shows that the mechanical property of the crystal is quite good. The stiffness constant C I1 is quite high, revealing that the binding forces are quite strong. Very low dielectric loss value (0.016) determined by microwave cavity perturbation technique shows the good crystalline perfection.
Chapter 5
Growth and characterisation ofnonlinear optical single crystals ofl-alanlnium oxalate Second harmonic generation efficiency (SHG) of LAO crystal is 1.8 times that of L alanine and 2.3 times that of KDP. Laser damage threshold is considerably high and is higher than that of GLO. The reason for the increased SHG output and high value of laser damage threshold is the better crystalline perfection in the grown crystal with lesser defects, as revealed by dislocation studies. It is reveled from the Z scan studies that the crystal shows reverse saturable absorption and negative non linear refraction and hence can be effectively used for optical limiting applications.
